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A promising method has been developed to determine micromechanical
properties of thin film materials. Metal and ceramic thin films are used extensively in the
computer microprocessor industry and in the relatively new field of
Micro-
Electromechanical Systems (MEMS). The push for miniaturization and increased
performance out of the computer microprocessor and MEMS devices have pushed
materials to their limits. Micromechanical properties are very difficult to obtain due to
the lack of adequate testing equipment on the microscale. The atomic force microscope
(AFM), most commonly used as an imaging tool, lends itself to mechanical interaction
with the sample surface by means of a microscale cantilever probe. Using an array of
microbeams fabricated from an aluminum thin film in the microfabrication facilities at
RIT, the AFM was utilized to deflect the microbeams. Force and deflection information
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Technological, financial and commercial benefits are fueling the advancement of
miniaturized devices, an industry which is projected to grow to $14 billion by the year
2000. Recently, research scientists at IBM picked up and placed individual atoms in an
array which spelled out the company's logo. Using this idea many other scientists
around the world are striving to build machines or robots on the nanoscale atom by atom.
Theoretically, these
'nanobots'
could be placed in the human body to perform many
tasks such as individual cell repair or drug delivery.
The advent ofmicro-electromechanical systems (MEMS), in the late 1970's, has
impacted new technology because of the ability to minaturize. Pressure transducers,
valves, mass flow controllers, and accelerometers used in air bag systems are examples
ofmicro-devices currently mass produced. On a smaller scale, strain transducers, based
on the principle ofpiezoresistance, have been successfully implanted and operated in
animals which allow measurement of elongation or contraction of cells and tissues.
Simple accelerometers have also been placed on the heart muscle, allowing high
sensitivity measurements without adding significantmass to the heart [1]. Microgears
and motors have also been fabricated along with electrostatic comb drives to allow
movement of these micro-devices. These are examples of systems which cannot be seen
with the unaided eye.
Currently all devices are fabricated using similar techniques used to build todays
microprocessors. Generally all are built on a silicon substrate and either surface
micromachined or bulkmicromachined. Surface micromachining requires the careful
placement ofmaterials in layers on the surface of the silicon wafer with subsequent
removal ofunwanted portions. Bulk micromachining, on the other hand, is a process
that etches away the silicon into a desired geometry, i.e. the nozzle of the ink jet for
todays printers are fabricated by etching a hole through a silicon wafer. The silicon
cantilevers used in this project are also bulkmicromachined from a silicon wafer.
Miniaturization of computermicroprocessors for increased speed and
performance, and the development ofMEMS utilize materials a few Angstroms to only a
few microns in thickness. Mechanical properties on this scale may differ from
macroscale properties and as the MEMS structures get smaller the surface effects and
size effects become increasingly important [2L Theory which govern macroscale
properties can on the most part scale down to provide explanation for experimental
observation, however at some scale the macroscale theories break down.
Determination ofmechanical properties ofmicro or nanoscale materials proves to
be a challenge for todays materials scientist because of inadequate testing equipment.
This project primarily focused on the determination of stiffness and Young's modulus
but other properties, such as residual stress, can also be determined by the method
developed.
Microfabrication techniques were used to create several microscale cantilever and
simply supported beams with varying thickness, width, and length. The final material
tested was aluminum with 1% silicon which is very common to most microfabrication
facilities.
The Atomic ForceMicroscope (AFM) has evolved in the past decade as a
powerful imaging tool used to investigate surfaces, on the atomic scale, by mechanical
interaction with the surface. This interaction with the surface proves to be useful in
determiningmechanical properties. The AFM proves to be very useful for determining
micro-mechanical properties due to the ability to apply forces in the micro-Newton
range. The AFM which utilizes a cantilever with a probe tip, is brought into contact
with the microbeams while force and deflection data is collected. Elementary beam
theory, the geometry of the test structures, and the deflection information gathered
allow for determination of stiffness and Young's modulus.
2.0 Relevant Background and Theory
2.1 Microfabrication
Test structures were fabricated by microfabrication techniques similar to those
used for integrated circuits and computer microprocessors. Cantilever and simply
supported micro-beam structures were created with thin films ofmetal on single crystal
silicon wafers. Silicon, as a substrate, was chosen for its compatibility with the
microfabrication equipment but any other material compatible with the process could
have been used.
2.1.1 Mask Generation
Pattern definition of the microbeams is first created in a CAD software that
allows a mask (reticle) to be generated for micro-photolithographic processes. The
geometry of the test area is constructed in the CAD software and transferred to a
maskmaking tool that creates a clear and opaque pattern from the data onto a 5 in. x 5 in.
quartz plate. This mask is used in a photolithographic reduction stepper which controls
the placement and size reduction of the pattern, (Fig. 2-1). The pattern can be placed in
any desired array on the wafer
and a program is written to define placement parameters.
The size of the pattern is reduced 5 times which allows, a larger, more dimensionally
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Figure 2-1. Schematic of reduction stepper [5].
2.1.2 Sacrificial Layer
Polyimide is used as a support and sacrificial layer on the bare silicon wafer The
polyimide allows space between the surface of the silicon and the metal thin film
subsequently deposited, Figure 3-2. This material was chosen due its stability under
higher temperature processes and its controllable etching characteristics. The polyimide
is a viscous liquid, similar in consistency and color to honey, that is spun on and
polymerized in two heat stages.
2.1.3 Metallization
Thin films ofmetal are deposited by sputter deposition. Sputtering is a physical
process caused by bombarding a target of desired material with high energy particles,
usually positive Argon ions. The silicon wafers coated with polyimide are placed in a
sputter system and brought to very low pressures by mechanical and cryogenic pumps. It
is imperative to achieve low base pressures to ensure all particles in the chamber are
removed so as not to cause contamination of the thin film. A plasma is generated in the
chamber by the ionization ofArgon gas into an equal number ofpositive and negative
ions. These Argon ions are localized near the target by means of a magnetic field, hence
the name magnetron sputtering [3]. The ions are accelerated and collide with the surface
of the target which is biased at a negative voltage level and cause atoms on the surface of
the target to be emitted [4]. The collection of atoms produces a thin film of the target
material on the polyimide surface. Deposition rate is controlled by adjusting the DC
power supply which controls the voltage bias of the target. Increasing the voltage causes
greater acceleration of the Argon ions and more atoms are emitted from the target but
with higher kinetic energy. Heat generation is a by-product both on the target and the
wafer due to impacting atoms and power levels should be chosen carefully. Cooling
should be allowed upon completion of the deposition to ensure minimal oxidation.
After the sputtering process the silicon wafers have a layer ofpolyimide and a
layer of a thin metal film over the entire surface. The pattern of the test beams is
generated by micro-photolithographic processes.
2.1.4 Photolithography
Photolithography is the production ofa three dimensional reliefbased on the
exposure of a light sensitive polymer, called photoresist, and its subsequent
development [5]. The photoresist can either be negative or positive depending on desired
result. A positive photoresist, as used in our process, is an organic material which
becomes more soluble in exposed regions, (Fig. 2-2). This solubility differential allows
image reproduction from the mask to the photoresist. Mercury arc-lamps are generally
used with wavelengths of light at 365 nm (I-line) and 436 nm (G-line) since the
photoresists used are especially sensitive to those. During development the areas where
the photoresist is exposed is removed and
'windows'
are created in the photoresist.
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Figure 2. Schematic ofpositive and negative photolithographic processes [5].
2.1.5 Wet Chemical Etching
The opened areas in the photoresist expose the metal film which is subsequently
removed by a wet chemical etching process. This step must be done with extreme care
to ensure complete but not over-etching as observed under an optical microscope.
During this process the exposedmetal is removed and the polyimide is then exposed.
2.1.6 Dry Plasma Etching
The final stage of the beam fabrication is dry etching. This process removes the
photoresist from the surface and polyimide from beneath the beams isotropically. This is
achieved in a low pressure dry oxygen plasma environment, similar to the Argon plasma
generated for sputtering. The oxygen gas is excited by means ofhigh voltages at radio
frequencies and the resulting oxygen ions collide with the surface of the wafers reacting
with the photoresist and the polyimide polymers [6]. The photoresist and the polyimide
entirely exposed to the oxygen plasma are removed quite quickly but the polyimide
protected by the metal is removed at a very reduced rate. Controlling the etch laterally
under the beams is important and careful monitoring ofprogress is important to ensure
minimal etch in areas of support. An inherent disadvantage to dry etching is the
oxidation of the surface of the aluminum and copper films. The aluminum forms a native
oxide which protects it from further oxidation, however, the copper does not and
oxidation occurs to much greater depths.
2.2 Atomic ForceMicroscopy
Scanning probe microscopy (SPM) refers to a family of different imaging
methods that employ the use of a profilometer to physically scan over a surface. The
technology for these microscopes is so new that most of the terms are still being named
by the industry; perhaps as much as 75 percent of the technology has been developed
during only the preceding five years [7]. A Dimension 3000 SPM manufactured by
Digital Instruments was used in this project and is shown in Figure 2-3.
Scanning probe microscopy has proven to be a very useful imaging tool capable
of atomic scale resolution. Images are derived entirely by electro-mechanical interaction
with a sample surface which is then translated electronically to a computer screen. Since
the surface is imaged by a physical probe there are many limitations to this technique
including probe size, scanning speed, and surface topography. The depth of field is
limited by the travel of the piezo scanning tube (about 0.0053mm), which dictates the
ability of the tip to profile the surface features [7].
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Figure 2-3. Dimension 3000 SPM by Digital Instruments.
Atomic force microscopy (AFM), one of several modes of operation of the SPM,
utilizes a probe to physically scan over a sample while deflection information of the
probe maps out the surface. The ability to create three dimensional images down to the
ll
nanometer and Angstrom level made it an essential tool for imaging surfaces for the
semiconductor industry and for biological applications [9].
In addition to topographical imaging, the AFM lends itself to studying
mechanical interaction with a sample surface. A key element in this experiment, shown
in Figure 2-4, is the AFM cantilever which is fabricated from silicon and is
approximately 125 (am long and 5urn thick. Mounted on the end of the cantilever is a








Figure 2-4 Schematic of an AFM cantilever [8].
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This cantilever is precisely controlled by a piezo-electric scanner which translates in all
three dimensions by applying a voltage across its electrodes. A well built scanner can
generate motion on a scale well below 1 Angstrom. For this project the AFM cantilever
probe is used to physically contact the test beams while pertinent deflection data is
collected.
2.2.1 Spring ConstantDetermination
In order to determine the applied force on the sample surface the spring constant
of the AFM cantilever must be determined. There are several methods recently
developed but the method used was by Cleveland et al, where the spring constant is
found by adding end masses to the AFM cantilever and recording the change in resonant





m* is the effective mass of the AFM cantilever. Solving Eq. (2-1) forM yields;
M=kt(2nfr-m*. (2-2)
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If several end masses are added to the end of the cantilever and plotted against the
term in the parentheses in Eq. (2-2), the slope of the resulting curve is the spring
constant. The resonant frequency for each of the added masses is found by
'auto-tuning'
the cantilever with the Nanoscope AFM controlling software. This is accomplished
within the Nanoscope software by changing the oscillating frequency of the piezo until
maximum deflection of the cantilever is obtained.
Furthermore, if the spring constant of several AFM cantilevers is determined a
plot can be generated of unloaded resonant frequency versus spring constant. Linear
regression of the data will produce a function that will yield the spring constant when the
unloaded resonant frequency is known [11].
Sader et al. believe the placement of the end mass on the tip can cause extreme
variation in the resonant frequency and therefore should be precisely placed on the tip
with wax. They also emphasize the need to account for air damping which can lead to a
4% shift in resonant frequency [12].
For cantilevers with stiffnesses on the order of 1000 N/m the method developed
by Cleveland et al. will not be accurate due to the minimal affect of the added Tungsten
masses on the resonant frequency. Therefore, a method using a capacitive force sensor
which is placed on the AFM stage has been developed [13]. With the sensor in place,
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the AFM is operated in its normal manner, and the relationship between the force
setpoint and the sensor output is recorded. Using free weights to calibrate the force
sensor allows direct force calibration of the AFM cantilever as a function of the operating
setpoint.
Another dynamic method was developed by Hutter and Bechhoeferwho propose
the area of the power spectrum of thermal fluctuations is related to the spring constant by
k T
kt=^L. (2-3)
Where kB is Boltzmann's constant, T is temperature in Kelvin, andP is the integral of
the power spectrum [14]. This method is useful for cantilevers with resonant frequencies
under 100 kHz, otherwise noise effects influence the power spectrum.
2.2.2 Force Calibration Mode
Once the spring constant is approximated, the force on the sample surface is
related to the deflection of the cantilever by Hooke's Law
F = k,Az, (2-4)
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where k, is the spring constant and Azt is the AFM cantilever deflection.
In 'Force
Cal'
mode the deflection data of the free end of the AFM cantilever is
recorded as the fixed end is brought vertically toward and then away from the sample
surface. This is done by applying a triangular-wave voltage to the z-scanner electrodes












z -piezo waveform [8].
The triangular-wave voltage causes the scanner tube to expand and contract in the







Z scan size parameter.
Figure 2-6. Piezo position controlled by z-scan size parameter [8].
AFMs measure cantilever deflections by reflecting a laser beam off the free end
of the cantilever. The angle of the reflected laser beam changes when the cantilever
deflects and the change is detected by a multiple segment photodiode called a position
sensitive detector (PSD). As the piezo moves the tip up and down, the cantilever
deflection signal from the photodiode is monitored. A force curve is generated which is
a plot of the AFM cantilever deflection signal versus voltage applied to the piezo scanner
tube, (Fig. 2-7). Since the data is primarily deflection data, force information is
retrieved only when the deflections are accurately calibrated and the spring constant of
the AFM cantilever is known.
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2.2.3 Anatomy ofthe Force Curve
'Force
Cal'
mode can provide very useful information if the force curve is
interpreted correctly. There are a variety ofparameters in 'Force
Cal'
mode that control
the movement of the piezo scanner tube. The Z-Scan Size controls the amplitude of the
triangular-wave voltage and thus controls the amount of force applied to the sample. Z-
Scan Start is a parameter that defines the maximum voltage to the Z electrodes of the
piezo. The triangular waveform shown in Figure 2-5 is displaced up and down in relation
to this parameter. Increasing the Z-Scan Start brings the tip closer to the sample. The
piezo range is from -220 Volts where the piezo is fully retracted to +220 Volts where it is
fully extended.
The vertical axis of the graph shown in Figure 2-7 represents the cantilever
deflection signal as detected in the PSD while the horizontal axis corresponds to the
voltage applied to the electrodes of the piezo scanner tube. Along the x-axis of the graph,
the left side is equal to the Z-Scan Start voltage while the right is equal to the quantity
(Z-Scan Start - Z-Scan Size). The entire curve represents the deflection signal for one
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Figure 2-7. Force Curve and Cantilever Configurations [8].
At point 1, the AFM cantilever tip is off the sample surface and the right side of
the graph represents the most retracted state of the piezo tube. Corresponding cantilever
tip configurations are seen at the bottom ofFigure 2-7. From point 1 to point 2 there is
no change in the deflection signal as the piezo extends because the tip has not come in
contact with the sample. At point 2, the deflection begins to increase as the sample
surface is contacted. Often there will be a slight dip in the deflection signal just prior to
this point because attractive forces between the tip and sample cause the tip to deflect
19
down toward the sample surface. The deflection signal reaches a maximum value at
point 3 and the piezo begins to retract. Typically during this retraction the deflection
signal decreases past point 4 which corresponds to the zero deflection point of the curve.
This is caused by attractive forces between the tip and sample pulling the tip towards the
sample surface. These forces are equal to the spring force in the cantilever at point 5.
Eventually the spring force in the cantilever is greater than these attractive forces and the
lever pulls free from the surface, represented by point 6.
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2.3 Force Curve Calibration
Calibration of the AFM cantilever deflection, Az, , versus piezo scanner tube
extension, Azp , is necessary to obtain proper force relations. This is accomplished in
'Force
Cal'
mode on an infinitely hard surface, such as diamond, which ensures the tip
at the end of the cantilever is not indenting the surface. Therefore, the amount of tip
deflection is determined from the amount ofpiezo scanner tube extension. The
relationship is obtained from the slope of the extending portion of the force curve,
(Figure 2-7, between points 2 and 3). The Nanoscope software allows for slope
determination between any two points, but exporting the data and fitting a line to the
linear portion is much more accurate since all points in that region are accounted for.
There is a correction necessary for the angle of the AFM cantilever since it is mounted at
10 degrees below the horizontal.
Piezo Scanner Tube
Diamond Surface






where Azp is the piezo extension and Az, is the AFM cantilever deflection. The slope of
the force curve, called the 'Sensitivity', is given by
S =^-. (2-6)
Solving Eq. (2-5) to be of the form ofEq. (2-6) yields the
'Sensitivity'
to be
S = - = 1.015 (2-7)
cosl0
on an infinitely hard surface. This quantity is the amount ofvoltage change in the
position sensitive detector (PSD) for a known amount of scanner tube extension and has
units ofVolts/nm. Now that the AFM cantilever deflection and spring constant have
been determined, the amount of force applied to the sample surface is now known by
Hooke's Law.
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An important point to note is that the force is continually increasing as the
scanner tube is extending and there are many data pairs collected between points 2 and 3
in Figure 6 that correspond to the tube extension and cantilever deflection. The
development of the final testing procedure for this project will take into account all data
pairs in that region of the force curve.
2.4 Relevant Research
Recently, research has been conducted to determine mechanical properties of
micro-materials. To follow are summaries of research papers closely related and useful
in the formulation of the final testing method for this project.
Vanlandingham, et al, have developed a technique that utilizes the atomic force
microscope as a nanoindentation device [16] [17] [18]. They used AFM cantilevers with
varying spring constants
and polymer samples with known modulus of elasticity to relate
the indentation behavior to the elastic modulus. Indentation and cantilever deflection
depend on the relative stiffnesses of the sample and cantilever probe. The amount of
indentation is found by the relationship
(2-8)
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where Az,- , the indentation, is related to the piezo scanner tube extension and the AFM
cantilever deflection. They found that at intermediate load levels, good correlation
between the modulus and the elastic indentation response was observed.
Kinney, et al., have also used the AFM as a nanoindenter to determine the
hardness and elasticity of inner portions ofhuman teeth, called dentin [19]. They used a
stainless steel cantilever with an end mounted diamond tip in place of the conventional
silicon tip on a silicon cantilever. By plastic deformation they indented the sample with
the diamond tip and then imaged the indent in conventional AFM imaging mode.
Measurements of the indentation depths allowed direct correlation to the hardness of the
samples. They concluded that the hardness found using the AFM corresponded well to
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= ^ 1+ ^ l (2-9)
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where Ediam and vdiam are the Young's modulus and Poisson's ratio of the diamond, and
Ed and
v_- are the equivalent parameters for the dentin. It should be noted that this is just
a relative value for modulus of elasticity which can be used to compare two samples
tested by the same technique. They do however, acknowledge the fact that load
displacement techniques should be developed to get absolute values for elasticity.
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Tai andMuller have developed a method to determine Young's modulus of
microfabricated beams using a stylus profilometer [20]. They use force and deflection
information along with a finite element simulation to determine the modulus. This
method is discussed in detail in Appendix B.
Nix presented another method to determine the elastic properties of thin films by
deflecting microbeams [26]. Using a Nanoindenter he correlated the stiffness in the
supporting springs of the indenter, as it contacted and deflected the microbeams, with
the elasticity of the thin film material.
Mathematical modeling ofmicrobeams with step up supports was accomplished
byMeng andMehregany [27]. Step up supports are often the result of the surface
micromachining processes used in the fabrication of the microbeams. The beam
deflection equations they developed accounted for the non-ideal supports. They
correlated analytical microbeam deflections using their mathematical model with finite
element microbeam deflections and the results obtained from the finite element
simulation was within 0.05% of the exact analytical solutions.
25
3.0 Microbeam Fabrication (Detailed)
Fabrication of the microbeams was accomplished at the microfabrication facilities
at Rochester Institute ofTechnology. This section details each of the steps necessary for
successful fabrication of the microstructures.
3.1 Microbeam Geometry andMask Generation
The microstructures are a variety of cantilever and simply supported beams.
Using very large scale integration software (VLSI), called IC Station byMentor
Graphics, the top view geometry was drawn. Four different length cantilever beams
(50pm, 75pm, 100pm, and 125pm) with varying widths (20pm, 30pm, and 40pm)
were created in each of the 12 possible combinations. The simply supported beams have
lengths of 100pm, 125pm, and 150pm with varying widths of20pm, 30pm, and 40pm
in 9 possible combinations. After the geometry was generated, the data was compiled
and sent to the mask generating instrument called theMEBES, (Manufacturing Electron
Beam Exposure System), shown in Figure 3-1.
26
Figure 3-1. Manufacturing Electron Beam Exposure System (MEBES).
This instrument generates the pattern created in the VLSI software on a quartz plate with
dimensions 5 times larger than desired. Recall, the reduction stepper will reduce the
image generated on the mask 5 times, therefore the desired dimensions are obtained.
27
3.2 Cleaning of theWafers
A chemical cleaning process was done on all of the wafers to ensure the surface
was free from any contamination which would cause adhesion problems in subsequent
processing steps. The following process is called 'RCA
Clean'
and is common to most
commercial microfabrication facilities.
A bath ofNH4OH / H202 / H20, mixed in a (1 : 3 : 15) ratio, was brought to a
temperature of 75 C and the wafers were placed in the solution for 10 minutes. The
wafers were then rinsed in agitated deionized water for five minutes.
The wafers were then placed in a second bath ofbuffered HF, which is HF / H20
mixed in a (1 : 50) ratio, for 60 seconds.
A third bath ofHCL / H202 / H20, mixed in a (1 : 3 : 15) ratio, was also brought
to a temperature of 75 C and the wafers were placed in the solution for 10 minutes.
Subsequent rinsing took place in agitated deionized water for 7 minutes and then placed
in a commercial spin rinser and dryer.
28
The cross section of the processing steps are shown in Figure 3-2. Each process
step is outlined in the remainder of this chapter.
Polvimide
Photoresist
Pattern and develop photoresist
Wet etch aluminum thin film
Dry etch photoresist
Continue etch to free microbeams
Figure 3-2. The different steps used to fabricate the free standing microstructures.
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3.3 Polvimide Sacrificial Layer
Pyralin polyimide, by DuPont Corporation, was placed as a sacrificial layer
between the silicon and the metal. First an amount about the size of a fifty-cent piece
was poured onto the wafer and then spun at 2100 RPM for 30 seconds. The spinning
allows a layer to coat the surface of the silicon uniformly while the spin speed controls
the thickness.
The initial cure was accomplished on a hot plate at 120 C for 30 minutes. Final
cure was accomplished by increasing the temperature to 350 C for 30 more minutes.
3.4 Metal Deposition
Aluminum with one percent silicon was used as the thin film material for the final
microbeams tested. Deposition was accomplished by sputtering with a CVC 601
Sputtering System manufactured by CVC Products, Inc. as shown in Figure 3-3.
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Figure 3-3. CVC 601 Sputtering System by CVC Products, Inc.
The silicon wafers with the polyimide coating were placed in the chamber and the
base pressure was reduced to 1.5 x
10"
Torr. Once the base pressure was reached, a
continuous flow ofArgon gas was adjusted until the chamber pressure reached 5.0 x
10"3
Torr and cooling water pumps were engaged to keep the target temperature down.
A shutter was placed between the target and the wafers and a pre-sputter cycle
was engaged for 5 minutes at a DC power setting of 2500 Watts. This removed any
surface contaminants from the target which then accumulated on the shutter surface.
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The shutter was subsequently disengaged and sputtering commenced again at
2500 Watts with a deposition time of 15 minutes. At the end of the deposition cycle the
wafers were allowed to cool for 20 minutes. This step was repeated for a total deposition
time of 45 minutes which was estimated to produce film thicknesses around 2 microns.
After the final cooling stage the Argon flow was turned off and the chamber was vented
and all wafers were removed.
Oxidation of the aluminum was a problem overcome by deposition in multiple
stages with alternating cooling. The final test samples still showed signs of oxidation but
not to the extent of the wafers with deposition in one continuous cycle.
3. 4. 1 Thickness Determination
A bare silicon control wafer with a strip of tape on the surface was also placed in
the sputtering system. To determine the thickness of the metal film the tape was
removed and a stylus profilometer was run across the step between the silicon and the
metal. A graph of the vertical stylus position as it is run across the step is output. The




At this stage the silicon wafers have a metal thin film on the surface with a
polyimide sacrificial layer. Micro-photolithography is necessary to pattern the metal in
the final beam geometry. To accomplish this an organic photosensitive material is spun
on that changes its chemical property when exposed to certain wavelength light. The
application was done on the GCA Wafertrac 1006 shown in Figure 3-4.
Figure 3-4. GCAWafertrac 1006.
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First the wafers are stacked in a wafer carriage under the left portion of the
computer monitor in Figure 3-4. Then one wafer at a time, suspended on air, passes
between the guide rails. It passes over the first hot plate located just above the keyboard
into the spinner located in the center. Generally, the first hot plate at 250C is used as a
dehydration bake butwas disengaged because the excessive temperature caused stress
cracks in the aluminum films.
In the spinner, Shipley 812 positive photoresist is spun on at 4500 rpm for 30
seconds. Lastly, the wafer is sent from the spinner to the hot plate on the left at 90C for
45 seconds which cures the photoresist.
3.6 Photolithography
The GCA DSWWafer Stepper, as shown in Figure 3-5, was used for the one
level lithographic process.
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Figure 3-5. GCA DSW Wafer Stepper.
The mask generated by the MEBES is placed in this reduction stepper and allows
only light to pass through the clear portions of the quartz plate. The photoresist coated
wafer is automatically placed on the stage and the placement of the pattern on the wafer
is computer controlled. An array of 96 patterns was previously programmed which
accurately located the positions on the wafer surface to be exposed. Recall, the areas of
the positive photoresist will be removed in the development process.
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3.7 Development
The photoresist exposed to the mercury lamp is removed in this step, exposing
the aluminum film. Returning to the GCAWafertrac 1006, the wafers are placed on the
back line which is used for development process.
The wafers pass to the pre-bake hot plate at 1 15C for 45 seconds and then enter
the spinner. In the spinner, MF321 Developer is spun on at 5000 rpm for 15 seconds and
then rinsed in deionized water at 5000 rpm for 30 seconds causing the exposed
photoresist to be removed.
3.8 Aluminum Etch
Windows in the photoresist allow the exposed aluminum thin film to be removed
while protecting areas where the metal is to remain. The wet chemical etch is isotropic
and will undercut the photoresist, therefore, extreme care must be taken to prevent this.
The etchant used was manufactured by Transene Company, Inc. and is called
Aluminum Etchant Type A. It is a mixture ofphosphoric acid, nitric acid, and acetic
acid and appropriate eye and skin protection is required. It is estimated to etch 100
Angstroms per second at 50C but the rate is extremely sensitive to temperature and
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chemical age. The wafers were placed in a solution at 50C for 20 seconds at a time and
subsequently observed under an optical microscope. This is repeated until the etch is
complete leaving the desired microstructure geometry.
3.9 Dry Plasma Etch
The final step of the fabrication process is to remove the photoresist and the
polyimide to free the microstructures. This is accomplished in the Plasmaline 415, often
called an asher, shown in Figure 3-6.
Figure 3-6. Plasmaline 415 dry etcher.
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The wafers are placed in the asher, the pressure is reduced, and a continuous
flow of oxygen gas passes through the chamber. The photoresist is removed within 45
minutes since the surface is entirely exposed to the oxygen plasma. On the otherhand,
the polyimide under the widest beam took 625 minutes since it is not in direct contact
with the plasma. Progress of the dry etch is monitored using an optical microscope and
wet etching one patterned area of the thin film exposing the underlying polyimide layer.
Dry etching continues until all polyimide is removed and the microstructures are free
standing. The final microbeam structures as viewed from an optical microscope are









Figure 3-7. Top view ofmicrobeams as viewed in an optical microscope.
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4.0 Evolution ofExperiment
The microfabrication proved to be very troublesome since each stage had to be
done with a high degree of accuracy to prevent inadequate test structures. The equipment
was often temperamental and much trial and error was done to determine the best process
for each stage of the fabrication. The first test structures were completed three months
after commencing the processing. These structures had a cloudy thin film of sputtered
aluminum which is indicative of oxidation and the microbeam geometry was slightly
over etched, but they provided an opportunity to develop an experimental testing
procedure.
4.1 Spring Constant Determination of the AFM Cantilevers
Before any testing ofmicrobeam deflection could be done, the spring constant of
the AFM cantilevermust be known. Two AFM cantilevers were calibrated using the
method developed by J.P. Cleveland et al., [10]. Tungsten spheres with an average
diameter of 20 microns were spread out on a bare silicon wafer and placed on the stage of
the AFM. Next, the length of each of the cantilevers was found using optical
microscopy.
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Calibrating one at a time, the resonant frequency of the AFM cantilever with no
added end mass was found by auto tuning in the Nanoscope software. The length of the
cantilever in the optical video screen was measured with a ruler which yielded a length
ratio. For example, if on the screen the cantilever was 3 inches and the true length was
previously found to be 120 microns then the ratio would be 40 microns per inch. This
ratio is used to determine the diameter of the tungsten spheres attached to the end of the
cantilever.
On the optical video screen, a desired Tungsten sphere was located and the
relative diameter was found using the ruler. The tip was brought into close proximity to
the sphere until the attractive electrostatic forces caused it to adhere to the AFM
cantilever. Then the resonant frequency with the added end mass was found by auto
tuning and the mass was finally removed by blowing a gentle stream of air at the end of
the cantilever. This process was repeated for several end masses while recording the
relative diameters and the resonant frequency. The actual diameter of the Tungsten
sphere was found by
*=^7aL (4"1)
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where Lb is the actual length of the AFM cantilever, Srel is the relative diameter of the





the mass was determined by multiplying this volume by the density ofTungsten.
A plot of the mass added versus l/(2nf)2, where/is the resonant frequency with
the added mass, for the first cantilever is shown in Figure 4-1. Detailed Microsoft Excel







= 77x - 40.739
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Figure 4-1. AFM cantilever calibration plot.
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4.2 Deflection of Simply Supported Microbeams
Initial experimental testing procedures were developed using simply supported
microbeams. The supported microbeams have residual stress within the thin film caused
by the metal deposition which also needed to be accounted for. The following two
approaches account for deflection and residual stress.
4. 2. 1 Tai andMuller Method
The first experimental testing procedure was based on research conducted by Tai
andMuller [20]. Using fabricated simply supported microbeams, they developed a
technique to determine Young's modulus by deflecting the beams with a stylus-type
surface profiler. The mathematical model they developed to govern the deflection
incorporated the use of a finite element simulator to determine the maximum beam
deflection. A formal development of this experimental procedure is found in Appendix
B. The method formulated was based on linear relationships that did not properly
account for the residual stress in the thin film, therefore the next method was employed.
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4.2.2 Maximum Force andDeflection Method on Simply SupportedBeams
When trying to determine elasticity using force and deflection information it is
necessary to find the maximum force and the resulting maximum beam deflection. The
development of the method accounts for the residual stress in the metal thin film and is
based on work and energy principles [22]. A detailed formulation of the governing
deflection equations can be found in Appendix C.
-* N
Figure 4-2. Simply supported beam with an applied center load.
Proceeding with this method, the AFM cantilever was calibrated on a diamond
sample by obtaining a force curve with a scan size of 30 Volts. Averaging the data from
three curves and exporting it to Microsoft Excel allowed for graphical
representation and
more accurate numerical analysis. The equations necessary to import the data are
detailed in Appendix D. From this data, a plot ofboth Retract and Extend Deflections
versus Scanner Position is generated as shown in Figure 4-3.
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Scanner Tube Position (nm)
200
Figure 4-3. Force calibration plot on diamond.
The maximum force was determined, using Hooke's Law, by calculating the
maximum AFM cantilever deflection represented by the vertical difference between
points 2 and 3, (Az,), and multiplying by the AFM cantilever spring constant
^nax = K*2, (4-3)
For subsequent analysis it was required that the same maximum force was applied
to the microbeam as on the diamond. The same AFM cantilever deflection must have
been realized in order to ensure this. Therefore, the Az, obtained from the deflection of
the microbeam must be the same as that obtained on the diamond with a Z-Scan Size of
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30V. To keep the maximum deflection the same, the Z-Scan Start parameter was
adjusted which moved the piezo scanner tube toward or away form the sample.
When the tip was brought into contact with the center of the 150 pm long 40 jam
wide simply supported aluminum microbeam, 'Force
Cal'
mode was invoked and the Z-
Scan Size parameter was set to 30 Volts. This parameter must be the same as for the
calibration on the diamond since this controls the total piezo scanner tube movement.
The Z-Scan Start parameter was adjusted until the same AFM cantilever deflection was
obtained on the microbeam as on the diamond. The resulting force curve data on the
microbeam was imported into Excel in the same manner as the diamond data and a plot
similar to Figure 4-3 was generated. It was expected that the vertical distance between
the y-intercept and the flat line portion of the curve be the same which ensured the same
AFM cantilever deflection and therefore the same force on both the microbeam and the
diamond.
It was observed that the scanner tube extended much more on the microbeam than
on the diamond. This was expected, since the scanner has to extend more to achieve the
same AFM cantilever deflection. The total beam deflection was then determined by
8b = Azp2-Azpl (4-4)
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where Azpl is the scanner extension represented by the horizontal difference between
points 2 and 3 in Figure 4-3, and Azp2 corresponds to the same points on the plot
generated for the beam. Referring back to section 2.3, Eq. (2-5), the scanner extension
is related to the AFM cantilever deflection by
Az.,=Az,coslO
(2-5*)
where the subscript is changed topi to aid in the development. Therefore the piezo
extension on the diamond, Azpl, should be slightly less than the AFM cantilever
deflection. Equation (2-5*) is substituted into Eq. (4-4) yielding the final deflection
relationship;
54=Azp2-Az,coslO. (4-5)
Theoretically this result, along with the other pertinent data, substituted into Eq.
(C-12) should yield the elasticity of the aluminum thin film. However the repeatability
of the experimentwas questionable and the elasticity of the aluminum thin film was still
greatly underestimated as
compared to the published elasticity ofbulk aluminum. There
were too many variables to control and it became
apparent that many of them must be
eliminated to develop a reliable testing method.
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In an effort to obtain a better thin film quality, several wafers were sent to CVC
Products, Inc. where thin films of gold were sputtered. Gold was chosen for its
resistance to oxidation and ease of etching. The thin films of gold seemed ideal in all
aspects but did not adhere well to the polyimide and could not be tested reliably.
Evaporation and sputtering of copper was also accomplished on many more
wafers but severe oxidation problems during dry plasma etching rendered them useless.
Experimentation of different etching methods such as reactive ion etching proved to be
quick in removing the polyimide but due to the extreme energy of the charged particles it
pitted the surface of the thin films.
The main objective of the project was to find micromechanical properties of thin
films. The thin films of the simply supported beams have residual internal stress which
is another variable to control, therefore they were discarded from the analysis and
cantilever beams were tested for the remainder of the project. The micro-cantilevers are
free from residual stress during the etching since there can be no net horizontal force in
the beam.
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4.3 Maximum Force and Deflection Method on Cantilever Beams
I
Figure 4-4. Fixed cantilever beam with an applied end load.
The deflection of the free end of the cantilever, with an applied load P and length




where I'z is the centroidal moment of inertia with respect to the z-axis and E is the
modulus of elasticity. The negative accounts for the direction of the beam deflection






The same experimental method used on diamond, and spreadsheet techniques
used for the supported beams were also used to deflect the cantilever beams but the
elasticity was still underestimated.
The underestimated value for elasticity of the micro-cantilever beam could be
attributed to experimental error, variation in properties due to surface and size effects,
or some combination of the two. Due to these possible errors, another method was
developed to try to remove some of the uncertainty. This next method was based on
deflection of a second silicon AFM cantilever. The problem of surface and size effects
was greatly reduced, ifnot eliminated, because the jAFM cantilever is single crystal
silicon with no grain boundaries. Most of the expected variation in properties can be
attributed to the relative grain boundary area to the volume of the structure, and by
eliminating of the grain boundaries the effects should also be eliminated. It was reasoned
the deflection of a second silicon cantilever with no grain boundaries and a known
geometry would allow for optimization and perfection of the experimental technique
developed.
A second AFM cantilever probe was glued to a rigid surface and used as a test
cantilever beam. The geometry of the silicon cantilever was determined using an optical
microscope and after close observation it was noticed that the cross section was not
rectangular but trapezoidal which affected several of the calculations due to the moment
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of inertia. The equations developed to determine the moment of inertia of a trapezoid are
found in Appendix F.
At this stage the maximum force and deflection method was still being applied
but was very difficult to obtain the same maximum force by adjusting the Z-Scan Start
parameter. The modulus results were better but still underestimated by more than 50%.
Due to drift in the piezo scanner tube, the position of the force curve moved
vertically on the screen which made it difficult to get the same vertical distance between
the flat line portion and the y-intercept. This problem was slightly alleviated by
increasing or decreasing the scanning rate until the curve remained fixed, but after
exporting the data, the AFM cantilever deflection was rarely found to be the same as on
diamond.
Another concern at this point is the force being applied is not just one value but it
continually increases as the AFM cantilever is brought closer to the sample. There are
many data points collected along the increasing portion of the curve, between points 2
and 3 in Figure 4-3, and it seems logical to develop a method that accounts for them. It
was also noticed that the slope between points 2 and 3 on the plot of the test structures
always decreased compared to the calibration on diamond and this led to the
development of the final method.
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4.4 The DifferentialMethod
In a paper by Torii et al, a method was developed to determine the spring
constant of an AFM cantilever by deflecting it by a larger cantilever [15]. The larger
cantilever was constructed out ofmaterial with a known elastic modulus and stiffness.
This cantilever is brought into contact with the AFM cantilever and the deflection of the
AFM cantilever is monitored by heterodyne interferometry. By conducting a force
balance between the two cantilevers the stiffness of the AFM cantilever can be
determined.
The quantity of interest in the Torri method, the AFM cantilever stiffness, is
already determined in our project and therefore the formulation is different. In our
experiment, the deflection of the AFM cantilever is monitored and not that of the
microstructure, as in the Torri method. Secondly, an AFM cantilever similar in size to
the test cantilevers is used. The following development is based onNewton's First Law,
F = 0 (4-8)









Test Cantilever ' lAz,
< F2
Figure 4-5. Schematic ofAFM cantilever and test beam.
Observing Figure 4-5, the two forces have to be equal to satisfy static equilibrium
resulting in,
^F = Fl-F2=0. (4-9)
Incorporating Hooke's Law into Eq. (4-9) yields
k,te, = kbd b (4-10)
where k, is the stiffness of the AFM cantilever, Az, is the deflection of the AFM
cantilever, kb is the stiffness of the microbeam, and 86 is the deflection of the
microbeam.
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where Azp is known and Az, is monitored by the computer. Solving for 5b results in
Sfc-.Az.-A^coslO0
(4-12)
and substituting into Eq. (4-10) yields an equation with only one unknown quantity, kb,
ktAzt=kb(Azp-Az,cos\0o). (4-13)
With Eq. (4-13), the stiffness of the microbeam can be found if the actual deflections
(Az Az,) at a single point are known, which leads back to the same problem as before
where it was difficult to find one precise value for the AFM cantilever deflection.






Dividing Eq. (4-14) by dAzp and making the substitution
- dAz,
S = ~~^, (4-15)
dAzp




In this form, to find the stiffness of the microbeam, the AFM cantilever stiffness must
be known along with the slope of the force curve. Equation (4-16) accounts for all data
pairs that lie along the contact portion of the force curve and that is what makes this
method invaluable.
Finally, if the microbeam stiffness is determined, the modulus of elasticity is






This chapter outlines the steps followed to obtain the micro-mechanical properties
of tested microbeams. The spring constant of the AFM cantilever was previously
determined, as outlined in section 4. 1 , and two other data collection steps need to be
considered.
Step 1. Imaging
Step 2. AFM Operations and Data Processing
Silicon AFM cantilevers were used as the first test microbeams and only after the
results were reasonable, aluminum cantilevers were tested which validated the method.
5.1 Imaging
The silicon beams were first mounted on a rigid base and placed on the stage of
an optical microscope. Using a CCD camera mounted on the microscope, the image was
brought into a computerwhere the length and width dimensions were found at 20x
magnification. Higher magnification would have been desired but limited clearance
between the cantilever and the lens prevented this. The thickness was determined only
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using lOx magnification due to clearance problems, which caused significant uncertainty
in this quantity.
To obtain the dimension desired, using the imaging software, a box is enclosed
over the area of interest and the respective x- and y- dimensions are displayed on the
monitor. The problem with lower power magnification is the line thickness of the box is
large with respect to image on the monitor. One might question, 'should the image be
completely enclosed by the box or should it be placed such that the outside edge does not
extend over the
image?'
This uncertainty is greatly reduced if the image is very large in
the monitor due to the relative size between the line thickness and the desired dimension.
The width and length dimensions of the aluminum microbeams were found the
same way and due to a high degree of accuracy during the final microfabrication, these
dimensions were found to be the same as drawn in the CAD software. The thickness of
the aluminum thin film was found by profilometer techniques, as discussed in section
3.4. 1 . Ideally, a scanning electron microscope would be used to determine the
thicknesses. Uncertainty in the thickness and the effect on the results are discussed in
Chapter 7.0.
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5.2 AFM Operations and Data Processing
The following procedure must be followed precisely in order to collect proper
data. First, the AFM controlling software was loaded and the parameters in Table 5-1
were input.
Menu Title Parameter Setting
Scan Controls Panel Image Scan Size OV
Feedback Controls Setpoint ov
Other Controls Mode Contact
Units Volts
Input Attenuation lx
Table 5-1. Initial AFM parameter settings.
By setting the image Scan Size to 0 V, the location of the AFM cantilever
remained fixed relative to the sample. The AFM mode options are either contact or
tapping and setting it to contact mode allows the tip to physically touch the surface.





which refers to the location of the laser reflection in the position sensitive
detector, (PSD). When the laser was aligned on the tip of the AFM cantilever, the







Table 5-2. Laser position in the position sensitive detector.
The 'Horiz.
Defl.'
parameter does not affect the test but a setting of 0.0V keeps
the laser position centered horizontally in the PSD. An important note is the PSD is
elliptical in shape and data collected near the edges will not be linear. During the
deflection test, the AFM cantilever will deflect upwards and to ensure the laser position
does not approach the top edge, the reflected laser position in the PSD was set below the
vertical center. This is also the reason the setpoint was initially set to zero in the
feedback control menu. If the setpoint is initially near the 'Vert.
Defl.'
setting, the
computer will falsely engage the sample surface.
At this stage, the AFM cantilever deflection was calibrated on the diamond
sample mounted in a Bakelite base. Using the Nanoscope controlling software, the AFM
cantileverwas located and focused in the CCD camera monitor. The surface of the
diamond was subsequently focused and the AFM cantilever was engaged. Upon contact
with the surface 'Force
Cal'
mode was invoked and Table 5-3 parameter settings were
input.
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Menu Title Parameter Setting
Graph Controls Z-Scan Start Variable to be adjusted
Z-Scan Size 30 V








Other Controls TriggerMode Off
Start Mode Calibrate
EndMode Retracted
Main Controls Setpoint Variable to be adjusted
InputAttenuation lx





In the menu bar, continuous cycling was chosen. This applied a continuous
triangular voltage waveform, as in Figure 2-5, to the piezo scanner tube and a force
curve was subsequently displayed. The vertical position of the force curve is adjusted by
varying the setpoint, which
has no influence on the motion of the piezo scanner tube.
Horizontal adjustment is achieved by varying the Z-Scan Start parameter which changes
the relative position of the piezo scanner tube to the sample surface
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A total of256 data points are collected during the extension and it is desired that
many of these points be in the sloping region. Proper adjustments of the Setpoint and
Z-
Scan Start parameters were made until a curve similar to that in Figure 4-3 was obtained.










Figure 4-3. Force calibration plot on diamond.
In
'Off-Line'
mode a list of all files captured are displayed on the screen with the





menu bar were selected. The captured force curve was then displayed on the screen with
several header options above it. From these header options
'Sensitivity'
was selected
which displayed two red arrows on the extending curve. Clicking on the red arrows, one
at a time, and placing them both on the sloping portion of the curve, the sensitivity was
determined. On the opposite screen there is an open dialog box with several parameters,
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including Sensitivity and Units. The Sensitivity parameter automatically changes in this
dialog box to reflect the slope between the two red arrows. The Units parameter, in the
dialog box, was initially set to
'Volts'
and the resulting units of sensitivity were
Volts/Volts. In the end, it is not desired to have units of volts and the Units parameter
was changed to
'Metric'
and the resulting units on the force curve change to nanometers.
The deflection information at this stage is accurately calibrated.
One disadvantage to determining the sensitivity with the red arrows is it was
found using only two data points and could be better approximated by fitting a curve
through all the data in the linear sloping portion. To accomplish this, the force curve
data was exported to Microsoft Excel by choosing the
'Utility'
option in the menu bar
and selecting 'ASCII Export'. In the dialog box that appeared, the format was set to
ASCII, the header was included, and the number of columns was set to 1 . The
importing instructions and equations developed in Appendix D were then implemented.
In Excel, after the desired columns were generated, the 'Scanner Position',
'Retract Data', and 'Extend
Data'
were all selected and a scatter plot was created of the
sloping region only. A trendline fit to the extending data and the resulting equation are
displayed on the graph in Figure 5-1. The slope of the extending line should have been
approximately 1.015 as derived from Eq. (2-7) in section 2.3.
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The sensitivity cell, which is found in the header information, was adjusted until
the slope equaled 1.015. Generally, the slope, as imported, is very close and only a
small variation in sensitivity will be necessary. This now calibrates the piezo scanner
tube movement with the PSD and testing of the microbeams can begin.
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Figure 5-1. Linear portion of the calibration on the diamond.
The preceding calibration is valid only if the laser position reflecting off the AFM
cantilever does not change and testing of the microbeam was done immediately after the
calibration. Returning to the AFM controlling software, the settings in Table 1 were
reentered and the microbeam was placed on the microscope stage.
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The surface of the end of the microbeam was focused and the AFM cantilever tip
was placed over the free end of the test micro-cantilever and the cantilever was engaged
as before. Upon engagement with the surface and in 'Force
Cal'
mode, the Z-Scan Size
parameter was verified to be the same as that for calibration on the diamond.
Cycling of the scanner tube commenced and the Z-Scan Start and Setpoint
parameters were adjusted until the force curve was ideally located on the plot. The
resulting force curve was then captured and analyzed in
'Off-Line'
mode.





the file was exported as an
'ASCII'
data file. One important difference is the sensitivity
of this curve was not found because the value is the same as that found on the diamond.
InMicrosoft Excel, the microbeam data file was again imported and the desired
deflection columns were generated. The diamond calibration file was opened and the
sensitivity value in the header information was
copied and then pasted in the
corresponding sensitivity cell in
microbeam file. By doing this all deflections on the
microbeam were calibrated to those on the diamond and a scatter plot was created of the
deflection information, Figure 5-2.
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An important observation is the horizontal distance between points 2 and 3 in
Figure 5-2 was greater than the corresponding distance in Figure 4-3. This confirms that
the scanner tube extended more to deflect the microbeams than on the diamond since the
AFM cantilever deflection was fixed.





Figure 5-2. Force curve on silicon cantilever test beam.
The actual deflections (Azp, Az,) are not desired but the slope between points 2
and 3 must be determined. A plot of the sloping region was generated with a trendline fit
to the data which yields the slope as seen in Figure 5-3.
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Linear Portion ofSiliconMicrobeam Deflection, 30V
20 40 60 80 100
Scanner Tube Position (nm)
Figure 5-3. Linear portion of silicon microbeam deflection curve.
The slope value in Figure 5-3, along with the spring constant of the AFM
cantilever is all that is needed to determine the stiffness according to the differential
method developed in section 4.4.
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6.0 Results
6.1 Silicon Cantilever Test Beam
The silicon cantilever had a length of 125pm. The cross section of the cantilever




Figure 6- 1 . Dimensions of the tested silicon cantilever.
Breaking the composite trapezoid into a rectangle and a triangle and using Eq.
(F-
6), the moment of inertia was determined. The base of the rectangle is 28pm and the






Three different Z-Scan Sizes were used since there was no variation in geometry
of the test beam. In Table 6-1, the sensitivity on the diamond to produce the desired
slope of 1.015 is displayed. This value was copied into the silicon cantilever test file and
the slope of the resulting force curve was calculated by a trendline fit to the data, also
shown in Table 6-1.













Table 6-1 . Slope resu ts for the tested silicoil cantilever.
Using the differential method, developed in section 4.4, the 'Slope on
Beam'
values in Table 6-1 were used in Eq. (4-16) to determine the stiffness of the silicon
cantilever. The AFM cantilever stiffness, k was also necessary and was previously
determined in section 4. 1 . The results of this calculation are shown in Table 6-2.
Z-Scan Size,V AFMCant Stiffness, k,
N/m











Table 6-2. Stiffness results of the silicon cantilever.
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6.1.2 CalculatedModulus ofElasticity
In Table 6-3, elasticity of the silicon cantilever was determined using Eq. (4-17)
along with the silicon stiffness results from Table 6-2 and the moment of inertia for the
trapezoid.












Table 6-3. Elasticity results of the silicon cantilever.
6.2 Aluminum Micro-Cantilever
With computer imaging techniques, the width was determined to be 20pm and
the length of each of the tested beams are listed in Table 6-4 along with the resulting
slope of the force curve. The thickness of the aluminum thin film was estimated, in
section 3.4.1, to be 2.1pm.
Z- Sizey^Wfe ^ Length, pm Slope onDiamond Slope on Beamifw
20 100 1.015 0.0424
20 100 1.015 0.0411
30 125 1.015 0.0252
40 125 1.015 0.02542
30 50 1.015 0.2505
Table 6-4. Slope resu ts for the tested aluminum cantilevers.
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6.2. 1 Calculated Stiffness
The stiffness of the aluminum micro-cantilevers was determined using Eq. (4-16)
and the results are listed in Table 6-5. The same AFM cantilever used on the silicon
microbeam was also used to test the aluminum microbeam and had a stiffness,
kt =11.
m






Table 6-5. Stiffness results for the aluminum cantilevers.
6. 2. 2 CalculatedModulus ofElasticity
All of the aluminum micro-cantilevers had rectangular cross sections and the
moment of inertia was calculated using Eq. (F-4) resulting in
/ = 15.4pm4.
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The modulus of elasticity was finally computed using Eq. (4-17) and the results
are shown in Table 6-6.
s Z-Sean Size, V
5'






Table 6-6. Elasticity results of the aluminum cantilevers.
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7.0 Uncertainty and Error Propagation
Even the most refined experimentation has uncertainty in the final results due to a
variety ofpossible errors. Errors arise in many forms, some ofwhich can be eliminated
or minimized but others that can't. Sources of error are generally characterized as
Systematic or Random.
Systematic errors arise from the awkwardness of the experimental setup or
procedure and are usually hard to quantify. Elimination from the setup is ideal but often
times unavoidable. Friction, heat transfer or other energy transfers are examples of
systematic errors.
Random errors, however, can be quantified and usually give a good estimate of
the range of reasonable values associated with a measurement or calculation. These
random errors can be broken into three subcategories; 'Instrument Limit ofError',
'Estimated Uncertainty', and 'Estimated Uncertainty in RepeatedMeasurements'.
'Instrument Limit ofError', is the amount ofuncertainty associated with a
measurement using a certain instrument. The
more precise the measuring instrument,
the less uncertainty associated with the measurement taken. 'Instrument Limit of
Error'
is quantified as either 1/2 the least count of the instrument or just the least count where
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the least count is the smallest readable interval. Using the meter stick as an example, the
smallest readable interval is 1mm, therefore the uncertainty in the measurement is
0.5mm. On the other hand, a vernier caliper has a least count of 0.002mm with an
uncertainty of 0.002mm. This is because it is possible to estimate between the smallest
interval on the meter stick but not on the vernier caliper.
'Estimated
Uncertainty'
is quantified as 1/2 of the difference between two
extreme values of a certain measurement. This type of error was encountered when
determining the aluminum thin film thickness in section 3.4.1.
Lastly, 'Estimated Uncertainty in Repeated
Measurements'
accounts for
variation in multiple measurements. If the number of data values collected is significant
then the uncertainty is equal to the standard deviation, otherwise, average deviation is
used.
Once the uncertainty of each measured quantity is determined, it is important to
determine the error propagation and its affect on the final results.
If the equation for the desired quantity, z, is the sum or difference of two
measured quantities x and v, then uncertainty is determined by
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Az = (Ax + Av) (7-1)
where Az is the uncertainty in z, and Ax and Ay are the uncertainties associated with the
measured quantities x and v.
x




then the uncertainty in z is determined by
[ , /wAx , . nAy
Az = |---- 1
^- j
=^
V x y J
(7-2)
where x
, y , z are the average values ofx, y, and z respectively and w and n are the
exponents.
These results can be easily expanded if the equation for z has more than two
variables or if it is a combination of addition/subtraction and multiplication/division.
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7.1 Spring Constant of the AFM Cantilever
Measurement of the true length of the AFM cantilever was accomplished using
imaging software and is assumed to be precise. Uncertainty in the relative length of the
AFM cantilever, Lrel, and the relative diameter of the Tungsten sphere, Sreh is due to
the 'Instrument Limit of
Error'
of the ruler.
The smallest interval on the ruler was 0.05in., therefore ALrel
= 0.025in and ASrei
= 0.025in. which is 1/2 of the least count. All of the following calculations are based on
Tip #2 because it was used to collect all of the final data. In Appendix B, the.
spreadsheet for Tip #2, shows for the first data point; Lrd
- 2.9in. and Srel
= 0.5 inches.
The equation for the actual diameter of the sphere is calculated by




_ f , (-l)ALre/ lASre/ ,^ ( 0.025 . 0.025
,+|^=-2L|




At this stage we could find the absolute uncertainty, A<J> , of the diameter by multiplying
the fractional error by the average diameter of the first data point, <j> = 23pm, but the
fractional form is more useful.
The volume of the tungsten sphere is determined by
Fo/ = (4-2)









Uncertainty in mass is the fractional uncertainty ofvolume plus the fractional






The spring constant is equal to the slope, determined by kt =
m(2nf)2
. With the
assumption that the resonant frequency as determined by the AFM controlling software is
exact, the uncertainty in the AFM cantilever spring constant is
A*Hl^fe =flf^ = (0.176)77 = ,4^m / V Vol J m
7.2 Thickness of the Thin Film
In section 3.4.1 the thin film thickness was determined by reading a graph
generated by the stylus profiler. Variation in the thickness occurred due to the systematic
error introduced by lifting the tape on the control wafer, but it can be quantified since the
value was determined by the graphical output.
The 'Estimated
Uncertainty'
in thickness is 1/2 of the difference between the
maximum and minimum values as read on the graph. The maximum thickness on the
graph was 2.3pm and the minimum was 1.9pm yielding an average thickness of 2.1pm.




Error propagation of the AFM cantilever spring constant and the thickness results
in uncertainty in the stiffness and modulus of elasticity.
7.3 Stiffness





For the first aluminum beam in Table 6-5, the stiffness was found to be 3.41N/m and
assuming the variation in the slope, S, is small compared to Ak, , the uncertainty in the
stiffness was determined to be
















The modulus of elasticity for the aluminum micro-cantilever beams was
determined using Eq. (4-17) after substituting Eq. (F-4) for the moment of inertia of a
rectangle.
kbL\=AkbL\
b 37' wt3 K '
For the first micro-cantilever beam in Table 6-7, the modulus of elasticity was
determined to be 1362%MPa and assuming the uncertainty in Lb and w are small
compared to kb and t the uncertainty in elasticity is determined to be
AEb =
(,Akk, f0.62 02)
v kb t )
Eh= + 73628 = 20399MPa .
b [
3.41 2.1 J
Therefore, the resulting range for the modulus of elasticity of the aluminum thin film by
the methods employed is between 53229MPaand 94027MPa.
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8.0 Discussion
The results of the test on the silicon micro-cantilever were reasonably close to the
published values for cubic single crystal silicon in the <1 10> crystallographic plane [28].
A comparison of the experimental stiffness of the silicon micro-cantilever to the
theoretical value, as calculated by Eq. (4-16), is shown in Table 8-1.










Table 8-1. Experimental versus theoretical stiffness of the silicon cantilever.
These results are reasonable but uncertainty still exists due to determination of the
beam geometry. The experimental determination of elasticity as compared to the
published value is shown in Table 8-2.










Table 8-2. Experimental versus theoretical elasticity of the silicon cantilever.
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Modulus of elasticity of cubic single crystal silicon is not isotropic but is
dependent on the crystallographic direction of the applied stress. The fabrication of the
silicon AFM cantilevers are accomplished using silicon wafers with the <100> direction
perpendicular to the top surface. Therefore, the crystallographic direction of the applied
stress was <110>, shown in Figure 8-1. Values of elasticity in the different







Figure 8-1 Crystallographic orientation for fabrication of the silicon AFM cantilevers.
CrystallographicDirection <100> <111> <110>
Elasticity* MPa :\ 1.30E+05 1.90E+05 1.70E+05
Table 8-3. Directional dependent elasticity values of cubic single crystal silicon.
The silicon micro-cantilever was used, as previously mentioned, to eliminate
uncertainty in surface and size effects due to the grain boundaries. Even though the
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silicon elasticity results using the differential method were not precise they were
reasonable and the method was implemented on the aluminum micro-cantilevers
The experimental versus theoretical stiffness values of a variety of aluminum
micro-cantilevers are shown in Table 8-4. Observing the results, it is noticed that the
longer the cantilever the more the experimental value deviated from the theoretical value.
Length, pm Exp. Stiffness, Theor. Stiffness, % Deviation
N/m N/m
100 3.41 3.24 5
100 3.30 3.24 2
125 1.99 1.66 20
125 2.01 1.66 21
50 25.74 25.93 -1
Table 8-4. Experimental versus theoretical stiffness of aluminum cantilevers.
The uncertainty in the stiffness for the first entry in Table 8-3, determined in
section 7.3, is 18%. The deviation from the theoretical value is only 5% which
reinforces this procedure. However, for future testing the uncertainty must be reduced in
order to ensure more accurate results.
The experimental versus theoretical elasticity values for the various aluminum
micro-cantilevers are shown in Table 8-5. The theoretical value for the elasticity
aluminum were found in theMetals Handbook 9th Edition [29].
Length, pm Exp. Elasticity, Theor. Elasticity, % Deviation
MPa MPa
100 73628 69000 6.7
100 71274 69000 3.3
125 83961 69000 22
125 84713 69000 23
50 69471 69000 0.68
Table 8-5. Experimental versus theoretical elasticity values of aluminum cantilevers.
Deviation of the first cantilever in Table 8-5 is 6.7% from the published elasticity
value of 69000 pN/pm
,
but the uncertainty in this calculation, determined in section
7-
4, is 30%. The results appear to be better on the shorter cantilever beams but the
appreciable uncertainty associated with the calculations does not permit any reasonable
conclusion.
The results of this final method are very encouraging and more should be done to
develop the experimental procedure to reduce the associated errors.
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9.0 Conclusions
The use of the AFM to determine micromechanical properties has proven to have
great potential. Even though the results from the deflection of the silicon and the
aluminum micro-cantilevers were reasonable, the experimental procedure developed is
detailed and many sources of error are possible. Reduction or elimination of these errors
is very important if the AFM is to be used as a reliable instrument for determining
mechanical properties of thin films.
Uncertainties encountered can be reduced several ways. Scanning electron
microscopy would enable more accurate measurement of the thin film
thickness. The
uncertainty associated with the determination of the AFM
cantilever spring constant
could be reduced ifbetter techniques to measure the diameter of the Tungsten sphere
were implemented. Total elimination of the uncertainty in the AFM cantilever spring
constant, k could have been accomplished ifTungsten spheres with known diameter
were used.
The testing conducted was done on microbeams
with thicknesses ranging from 2
to 5 microns. These thicknesses are much greater than mostMEMS devices and it is not
uncommon in the microprocessor industry to have thicknesses of 500 to 1000 Angstroms.
As was mentioned in the introduction, the material properties on the nanoscale are
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unknown but theory predicts it to be different than the macroscale properties. The
methods developed are applicable to all scales and the AFM is capable of applying forces
in the nano-Newton range in a controlled environment. Before testing ofnano-scale
materials could be accomplished, it was important to develop a working method using
the AFM on microstructures with known properties.
The implementation of the differential method and the atomic force microscope
has proven to be quite successful and with some effort can be used effectively to
determine mechanical properties of nano-scale thin films.
9.1 Suggestions for Future Research
After refining the experimental procedure developed in this research project,
much more can be done to develop methods for testing nano-scale thin films.
The first suggestion is to fabricate the microbeams with ideal boundary conditions
at the supported end. Ideally, this could be accomplished in a multi-step process where
holes in the silicon are created where the unsupported portions of the microbeams are to
be. The first step would be to use photoresist on the silicon wafer and open the regions,
using microlithographic methods,
where the holes in the silicon are desired.
Development will open up windows in the photoresist and holes in the silicon can be
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created using Potassium Hydroxide, KOH. There are many possible processes that can
be conducted from this stage to yield the final microbeams, but the holes must be
subsequently filled with a sacrificial material such as LTO, a thick layer of silicon
dioxide. The metal is then deposited and patterned as accomplished in this project and
the final step would be to remove the LTO from the holes with buffered HF. This
process is much more complicated since proper alignment of the patterned microbeams
over the generated holes in the silicon must be achieved. Though the process is more
difficult the testing structures would be more ideal.
The second suggestion is to modify the methods developed in section 4.2.2 and
Appendix C to incorporate the differential method to yield residual stress in the thin film.
This significant research would help explain some of the failures associated with MEMS
and the miniaturization of todays microprocessor. It is thought that the effects of residual
stresses of the nano-scale thin films can cause cracks resulting in mechanically imperfect
structures or cause open electrical circuits in the microprocessor. It would not be too
difficult to modify the method but adequate supported microbeams must be tested.
Lastly, the experimental procedure followed in this project was very lengthy. It
could be improved if a computer program was created to aid in the process, avoiding the
need to export and manipulate a significant amount ofdata. Ideally, a program can be
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Natural Frequency (no added mass)
Actual Cantilever Length
Tungsten Density
<t> = (Lb) Sn-i/Ln
Vol=l/6jr<t>3
Sphere # L_i Srel Dia,<j> ium Vol,
fim3
Mass, og freq/,kHz freq/, Hz l/(27r./)2,ps
0.0E+00 2.7E+02 2.7E+05 0.3
1 3.0 0.55 25 7.8E+03 1.5E+02 1.1E+02 1.1E+05 2.2
2 3.0 0.56 25 8.2E+03 1.6E+02 1.0E+02 1.0E+05 2.5
3 3.0 0.51 23 6.2E+03 1.2E+02 1.1E+02 1.1E+05 2.0
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1/(2*f)2 (ps)2
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Sphere # Lrel Srel Dia,ij>mm Vol,
nm3
Mass, ng freq/,kHz freq/, Hz l/(27i/)2, ps
0.0E+00 2.8E+02 2.8E+05 0.3
1 2.9 0.50 23 6.5E+03 1.2E+02 1.1 E+02 1.1E+05 2.0
2 2.9 0.31 14 1.5E+03 3.0E+01 1.7E+02 1.7E+05 0.8
2.9 0.51 24 6.9E+03 1.3E+02 1.1E+02 1.1E+05 2.1














= 76.7x - 26.234
0.5 1.0 1.5 2.0 2.5
1/(2*0' (PS)2
|Spring Constant 77 N/m |
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Appendix B Tai and Muller Method
Using a stylus-type surface profiler, similar to the one used to determine the thin
film thickness, Tai and Muller proposed a method of determining Young's modulus
[20]. Simply supported microbeams were fabricated and using force and deflection
information Young's modulus was determined. In Figure B-l, the cross section of a
deflected beam is shown and can be related to the loading force, F, by
h0-h = ^K (B-l)
E
where h0 and h are the heights of the unloaded and loaded structure respectively, E is
Young's modulus of the structural material, and AT is a proportionality constant with units
of reciprocal length. The constant AT is a function of geometry, boundary conditions,











Figure B-l. Cross section of deflected beam by a stylus profiler [20].







and propose; to calculate E, all that is needed is and K. It is shown that the
dh




The surface profiler they used was an Alpha Step 200 which has a stylus profiler
that can be adjusted to apply 1
- 25 mg to the sample, but the uncertainty of the loading
is 20%. Therefore, the stylus force was calibrated using a gauge which measured the
load to an accuracy of0. 1 mg. Varying loads were applied to the microstructures and a
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Stylus Force (nig)
25
Figure B-2. Plot generated from beam deflection and applied point load [20].
The beams do not have ideal boundary conditions since at the fixed end, the
support is undercut one-halfof the width of the widest beam. In order to consider both
real boundary conditions and the effect of residual stress, the beam was modeled using
finite elements.
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Because there is not an option in the finite element software to enter residual
stress, it was simulated by a thermal stress. Thermal stress is related to the modulus by
a = (aAT)E (B-3)
where a is the residual stress, AT represents the global temperature variation, and a is
the coefficient of thermal expansion for the material. To carry out the simulation, (aAT)
was varied to approximate the residual stress, determined to be 100 MPa by empirical
relations based on film thickness. Poisson's ratio for the silicon nitride beams was
approximated as 0.3.
The procedure that was developed is as follows; first a guessed Young's modulus
is chosen for simulation and the quantity of (aAT) is computed by Eq. (B-3) and the
temperature variation is determined. In Algor Supersap, the beam geometry, a 1 mg
point force at the center of the bridge, and the thermal stress are modeled and the
deflection at the loading point is determined. Using Eq. (B-l), the proportionality
constant AT is calculated. Young's modulus is then determined, using Eq. (B-2), with the
dh




With this new value ofE the beam is modeled again by redetermining the
temperature variation by Eq. (B-3) and applying the same point load, yielding the
deflection of the beam. This iteration process continues until Young's modulus
converges to a value.
Convergence in their experiment on the silicon nitride beams occurred within 3
iterations yielding a value 373 GPa for Young's modulus as compared to the published
value of 3 85 GPa.
The experimental procedure for this project was originally based on the method
developed by Tai andMuller. Each of the supported beams were drawn in Algor-
Supersap using brick elements to model the three dimensional structures [21]. For the
first test, a 125pm long and 40pm wide supported aluminum beam with a point load at
the center was simulated.
Using the AFM various forces were applied to the center of the beam and a plot
of deflection versus force yielded . Next, a guessed value of 67000 pN/pm for
dF
Young's modulus was entered into Algor and the thermal variation necessary to cause a
stress of 100 MPa was determined. An applied point load of 2.6 pN was centered on the
beam and the simulatorwas run. Post-processing allowed the deflection of the center of
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the beam to be obtained which was used in Eq. (B-l) to determine the proportionality
constantK. The new value ofYoung's modulus for the next iteration was determined
from Eq. (B-2). In this first simulation, it was found that the modulus decreased and the
thermal variation to maintain a stress of 100 MPa was redetermined. With the same
loading the simulator was run and post processing yielded an increase in center
deflection. After this iteration it became clear that there was a problem with this method
since K did not change. Solving Eq. (B-l) forK yields
E(hQ-h)
K = -^ - . (B-4)
F
Observing the relationship between deflection and modulus, forK to remain constant
with the same applied force and reduced modulus, the deflection would have to increase
the same proportion as the decrease in modulus. That is exactlywhat was realized by the
first simulation.
This method is based on linear relationships and aftermore careful analysis of the
equations used, the modulus is fixed after the first iteration. As far as their results, it is
not clear how they found variation in Young's modulus in the silicon nitride beams.
Even if their method was found to work, observing the slope of the plot in Figure B-2 it
was assumed to lie along only the first few data points. If a line was fit to more of the
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data points the slope would have increased which would have resulted in an
underestimated Young's modulus according to Eq. (B-2).
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Appendix C Maximum Force and Deflection Method on Supported Beams
An assumed deflection shape is postulated and the strain energy based on this
shape is equated to the work done by the applied forces.
Beam Model and Formulation
* N
Figure 4-4. Supported beam with an applied center load.
In Figure 4-4, the beam is modeled with rigid supports, an applied axial force N,
and an applied center load P. Axial force is found by the following relationship,
N = aA (C-l)
where a is the residual stress in the film and ,4 is the cross sectional area of the beam.
The assumed deflection shape is a cosine function with zero amplitude at the support
ends and maximum amplitude at the center. The function along with two subsequent







2k 5 h 2nx ,_
Vc"= ^cos (C-4)
where 8 b is the maximum deflection in the center and L is the total length of the beam.
The work due to the concentrated load P, is
Wp=Pob (C-5)






where A is the cross sectional area and E is the modulus of elasticity of the beam.




The strain energy of the beam is
2r 1 i
1 N'L 1
U = -^-=-+ -Er2 \(V")2dx (C-8)
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2 E 2
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if the beam is rectangularwith a width vv and a thickness r. Upon substitution ofEq.
(C-
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Appendix D Importing AFM Data into Microsoft Excel
The data in the original imported form does not represent the deflections actually
detected. The numerical data is imported in one column and must be separated into two
separate columns with 256 data entries each. The first column corresponds to retracting
data while the second corresponds to extending data. At this stage a 'Data
Number'
column is set up to the left which numbers each of the data points from 0 to 255. To the
right of the extending data a column labeled 'Scanner
Position'
is created by the
following formula;
_ DataNumber x ScanSize x ZSensitivity x PiezoCal ._ . .
Scanner Position = (D- 1 )
Zattn.x 255
where the Scan Size, Z Sensitivity, PiezoCal, and Z attn. are also imported with the
deflection data as labeled header information. To the right of this column a 'Retract
Deflection'
column is generated by the following equation
Retract Data x 20 x insensitivty ,_, ^
Retract Deflection = (D-2)
Z attn. x Det.Sensitivity





ExtendData x 20 x insensitivty
Z attn. x Det.Sensitivity
(D-3)
From this data a plot ofboth Retract and Extend Deflections versus Scanner
Position is generated as shown in Figure 4-3.











Figure 4-3. Force calibration plot on diamond.
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Appendix E Microsoft Excel Spreadsheet of Imported Data
\Date
\Scan





































Data Retract Extend Scanner Retract Extend
Number Data Data Position Deflection Deflection
0 16866 16594 0 43.241269 42.543912
1 16365 15870 1.6352928 41.956799 40.687711
2 15872 15257 3.2705856 40.692839 39.116094
3 15238 14629 4.9058784 39.067381 37.506019
4 14673 13898 6.5411711 37.618827 35.631872
5 14035 13252 8.1764639 35.983115 33.975649
6 13465 12596 9.8117567 34.521741 32.293788
7 12829 11926 11.44705 32.891156 30.576033
8 12169 11277 13.082342 31.19904 28.912118
9 11592 10586 14.717635 29.71972
27.140524
10 10968 10012 16.352928 28.1199 25.668895
11 10357 9308 17.988221 26.553411 23.863971
12 9750 8604 19.623513 24.997176 22.059046
13 9143 7973 21.258806 23.440942 20.441281
14 8422 7310 22.894099 21.592433 18.741473
15 7883 6625 24.529392 20.210537 16.985261
253 -12707 -12694 413.72908 -32.57837 -32.54504
254 -12701 -12693 415.36437 -32.56299 -32.54248
255 -12696 -12689 416.99966 -32.55017 -32.53222
****N0te several header rows were hidden along with
rows 16-252.
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Appendix F Moment of Inertia of a Trapezoid
The moment of inertia about the centroid of a trapezoid is found by reducing it
into triangular and rectangular sections, shown in Figure F-l .
XL.
w
Figure F-l. Composite sections of a trapezoid.





where A is the area corresponding to each component section and v is the distance to its
own centroid. The moment of inertia of the triangle is computed about its own centroid





where b is the base of the triangle and t is the thickness. Then the moment of inertia is
computed about the composite centroid by using the parallel-axis theorem,
^ = ^+4h(Y-^)2. (F-3)





where w is the width of the rectangle and t is the same as for the triangle. Similarly, the
moment of inertia is calculated about the composite centroid using the parallel-axis
theorem,
t,n=r*~,+A~*(y-y~*)2> (p-5)
and the total moment of inertia, about the centroid of the trapezoid, is determined from
the sum of the moments of inertia of the component sections, given by
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